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Abstract
One of the most critical factors for lifetime and operability of ad-hoc and sensor networks is the limited amount of available
energy. To this respect, minimizing the interference in the network (i.e., the overlapping of signals at network nodes) has certainly
a positive effect, because it induces a reduction of the number of conflicting transmissions, and then results in an overall saving of
energy consumption. Along this direction, in this paper we study the computational hardness of several interference minimization
problems which arise while supporting some classic network communication patterns such as broadcasting (one-to-all), gossiping
(all-to-all), and symmetric gossiping (symmetric all-to-all). In particular, concerning the non-approximability results, we prove that
for any of the above communication patterns, the prominent problem of minimizing the maximum interference experienced by any
node in the network is hard to approximate within better than a logarithmic factor, unless NP admits slightly superpolynomial time
algorithms. On a positive side, we show that any approximation algorithm for the problem of minimizing the total transmission
power assigned to the nodes in order to guarantee any of the above communication patterns, can be transformed, by maintaining
the same performance ratio, into an approximation algorithm for the problem of minimizing the total interference experienced by
all the nodes in the network.
c© 2008 Elsevier B.V. All rights reserved.
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1. Introduction
During the last decade wireless networks have received significant attention because of the recent drop in equipment
prices. In particular, ad-hoc and sensor networks have indisputably emerged as one of the most popular networking
paradigm [9,13,21], thanks to their extreme versatility and their great potential in many application scenarios such as
battlefield, disaster relief, emergency, monitoring and surveillance, etc.
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Unlike traditional wired networks or cellular networks, ad-hoc and sensor networks do not require any fixed
backbone communication infrastructure to be installed. The network is simply a collection of autonomous devices
each equipped with some antennas which are responsible for sending and receiving radio signals. A communication,
which is based on the multi-hop model, is established by assigning a transmission power to each device.
Due to physical constraints, devices are primarily powered by a weak battery. Hence in these networks consisting of
battery-driven devices, energy is typically scarce and its frugal usage is critical in order to prolong system operability
and network lifetime. Since one of the main benefits of these kind of networks is the ability of the devices to vary their
transmission power, many research activities have then focused on the design of exact and approximation algorithms
for minimizing the power assigned to the devices in order to support a certain given communication pattern [2,4,6,
12,17,21]. On the other hand, another common approach to achieve energy conservation is that of minimizing the
interference in the network (i.e., the overlapping of signals at network nodes). Indeed, lowering the interference
causes a reduction on the number of collisions, thus inducing a saving on the energy spent for packets retransmission
on the Media Access Layer. In the past, most of the previous works implicitly tried to reduce interference by means
of topology control approaches, i.e., by letting communication take place onto network structures having desirable
properties such as sparseness or low node-degree [11,14–16,20]. Unfortunately, as observed in [1,22], this approach is
not sufficient in itself to control interference, because the signal originated by a source can reach also nodes which are
not topologically connected to it. Hence, researchers are now currently addressing explicitly the problem of keeping
the interference low.
In the literature, several different models for interference have been proposed [18,1,8,22]. In this paper, we focus
on the two most relevant models among those measuring interference at devices. In the first model, the interference
is viewed as an issue of a transmitting device, and it is measured as the cardinality of the set of devices to whom
it can send messages in one-hop. In the second model, the interference is viewed as an issue of a receiving node,
and it is measured as the cardinality of the set of devices from which it can receive messages directly. Notice that
of the two models, the latter one seems to better reflect the intuition of the real world. Indeed, as argued in [22], (i)
message collisions occur at receivers, and (ii) the interference measure of the former model is highly susceptible to
small changes in the network, like the arrival of a new device.
In this paper we propose different reasonable optimization problems for the above interference models, and we
prove the approximability and/or non-approximability results for the most studied communication patterns such as
one-to-all communication, all-to-all communication, and symmetric all-to-all communication.
The remainder of the paper is organized as follows: in Section 2 we define the ad-hoc and sensor network model;
in Section 3 after defining the two models for interference, we describe some optimization problems measuring
interference; Section 4 presents the known results in the literature about all the optimization problems defined, along
with an overview of our results. In the remaining part of the paper, we describe in detail our results, while in the last
section we discuss some interesting open problems.
2. The ad-hoc and sensor network model
An ad-hoc network is usually modeled by a complete edge-weighted digraph D (with no loop) whose set of n
vertices (or nodes) V is the set of devices, while c : V×V → R≥0∪{+∞} is the transmission cost function associating
each pair of ordered devices (u, v) with a transmission cost which represents the power emission necessary for node
u in order to send a message to v directly (c(u, v) = +∞ means that device u cannot communicate directly with v1).
In an ad-hoc network, a communication is established by assigning to each node v a transmission power r(v).
A power assignment r : V → R≥0 to the nodes induces a communication digraph Dr on V , where Dr contains a
directed edge (or arc) (u, v) iff r(u) ≥ c(u, v) (i.e., u is transmitting at a power level sufficient for sending messages
to v directly). Sometimes, in order to simplify routing protocols, it is desirable to have bidirectional communication
links. Whenever we are interested in bidirectional communication patterns, we consider the communication graph Gr
induced by the power assignment r , namely the graph on V containing the (undirected) edge {u, v} iff both (u, v)
1 It is reasonable to assume that a node may not be able to communicate with any other node directly. Indeed the maximum transmission power
level of a device is limited because of its limited amount of energy, the presence of obstacles in-between devices, and the fact that in most of the
countries the maximum emission power is limited in order to reduce electromagnetic pollution.
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and (v, u) belong to Dr , i.e., iff the power transmission of both nodes is enough to communicate each other without
relaying on any other node in the network.
The models usually studied in the literature are specializations of the general model introduced in the present
paper, because they appear to be of more practical interest. First of all, it is a common assumption that on dealing with
uniform devices, i.e., all the devices are equipped with the same technology as well as with omnidirectional antennas.
In this model, it is reasonable to assume that for each pair of devices u, v ∈ V the transmission cost function has to be
symmetric, that is c(u, v) = c(v, u). Another well-studied model in the literature is that in which c is ametric function.
In this model the transmission cost function, apart from being symmetric, also satisfies the triangle inequality, i.e.,
c(u, v) ≤ c(u, w) + c(w, v) for every triple u, v, w ∈ V of distinct devices.2 In the last and more practical model,
namely the Euclidean one, the devices are spread on a Euclidean space, and the transmission cost function c(u, v) is
equal to the Euclidean distance between u and v powered by a value α ≥ 1 (usually α = 2) called the distance-power
gradient, which measures how much the signal intensity degrades during its propagation. Clearly, in the Euclidean
model, the transmission cost function is symmetric, but it may not be metric.
3. Definition of the interference problems
In this section, after formally defining the two interference models sketched in the introduction, we will present
different optimization problems which ask for minimizing some objective function related with the interference.
3.1. The two interference models
As said in the introduction, in this paper, we will focus on the two most relevant models which measure interference
at devices, namely the following:
(i) Sender-Interference model (SI model): in this model the interference of a node v is measured as the cardinality
of the set of nodes
Ir,out(v) := {u ∈ V \ {v} | c(v, u) ≤ r(v)}
which are interfered by sender v when the power assignment is r . Notice that |Ir,out(v)| is exactly equal to the
number of edges in Dr outgoing from v;
(ii) Receiver-Interference model (RImodel): in this model the interference of a node v is measured as the cardinality
of the set of devices
Ir,in(v) := {u ∈ V \ {v} | c(u, v) ≤ r(u)}
from which it can receive messages directly when the power assignment is r . Notice that |Ir,in(v)| is exactly equal
to the number of edges in Dr entering in v.
3.2. Interference minimization problems
In the following, we formally define the set of interference minimization problems for ad-hoc and sensor
networks we focus on. The common input for all of them is a triple (V, c, pi), where V is the set of n devices,
c is the transmission cost function, and pi is a connectivity predicate expressing the property that the outcoming
communication (di)graph has to satisfy. The output is a transmission power assignment r satisfying pi , i.e., such that
either Dr or Gr (depending on pi ) satisfies pi . The goal is to minimize any of the following objective functions:
(1) The MINMAX SI PROBLEM (MINMAXSIP, for short): the interference model adopted here is the SI one. The
objective function is the maximum interference generated by any of the nodes, i.e.,
ϕSIP(r) = max
v∈V |Ir,out(v)|.
2 Notice that in this model, c(u, v) 6= +∞ for every u, v ∈ V .
46 D. Bilo`, G. Proietti / Theoretical Computer Science 402 (2008) 43–55
(2) The MINIMUM TOTAL INTERFERENCE PROBLEM (MTIP, for short): the interference model adopted here is the
RI one. The objective function is the sum of the interferences experienced by all the nodes, i.e.,
ϕTIP(r) =
∑
v∈V
|Ir,in(v)|.
It can be easily seen that ϕTIP(r) is also equal to the sum of the interferences generated by all the nodes, i.e.,
ϕTIP(r) =∑v∈V |Ir,out(v)|.
(3) The MINIMUM RI PROBLEM FOR A GIVEN DEVICE (MRIPGD, for short): the interference model adopted
here is the RI one. This problem takes a vertex ν ∈ V , called the interference collector, as additional input. The
objective function is the interference experienced by the interference collector, i.e.,
ϕGD(r, ν) = |Ir,in(ν)|.
(4) The MINMAX RI PROBLEM (MINMAXRIP, for short): the interference model adopted here is the RI one.
Symmetrically to MINMAXSIP, the objective function is the maximum interference experienced by any of the
nodes, i.e.,
ϕRIP(r) = max
v∈V |Ir,in(v)|.
It is worth noticing that it is commonly believed that the most relevant optimization problems among those defined
above are MINMAXRIP and MTIP, in this order. However, in this paper we will address all the above optimization
problems, in the framework of the following connectivity predicates:
(1) simple connectivity, or symmetric all-to-all communication: Gr must be connected;
(2) strong connectivity, or all-to-all communication: Dr must be strongly connected;
(3) broadcast, or one-to-all communication: fixed a source node s ∈ V , Dr must contain an arborescence rooted at
s, i.e., for every v ∈ V , Dr must contain a directed path from s to v.
4. Related work and overview of our results
About the state of the art, for MINMAXSIP, polynomial time algorithms computing an optimal solution for simple
connectivity, strong connectivity and spanner predicates are known [1]. Concerning MTIP for simple connectivity,
the results contained in a paper of Moscibroda and Wattenhofer can be directly used to show that the problem can be
approximated within O(log n) [19]. The authors also proved that, for any  > 0, the problem cannot be approximated
within a factor (ρ − ) ln n, for some constant ρ > 0, unless NP ⊆ DTIME(nO(log log n)). The non-approximability
result holds even if c is metric. Moreover, they extended the approximability result to any connectivity predicate that
can be formulated as a 0-1 proper function (see [5] for a formal definition), thus extending the positive results for
connectivity predicates like Steiner forest, strong connectivity, and other minor connectivity predicates (it is worth
noticing that the broadcast predicate cannot be formulated as a 0-1 proper function).
About MINMAXRIP, only the simple connectivity predicate has been addressed. In [22] an algorithm is presented
that achieves an O( 4√∆)-approximation for unit disk graphs3 in the 1-dimensional Euclidean space (the so-called
highway model), where∆ = maxv∈V |{u ∈ V \{v} | c(v, u) 6= +∞}|. Recently, Halldorsson and Tokuyama provided
an O(√n)-approximation algorithm for bidimensional Euclidean instances [10].
Overview of our results. In this paper, we prove approximability and/or non-approximability results for all the
optimization problems presented in the previous section. All the non-approximability results we will give for
MRIPGD and MINMAXRIP are obtained by reductions from the SET COVER PROBLEM (SCP, for short). An
instance I = (O,S) of SCP consists of a set O = {o1, . . . , oh} of h objects, and a set S = {S1, . . . , S`} of ` subsets
of O . The objective is to find a minimum-size collection of subsets in S whose union is O . Feige showed that SCP
cannot be approximated within (1− o(1)) ln h, unless NP ⊆ DTIME(hO(log log h)), even for the case ` ≤ h [7].
Concerning approximability results, for MINMAXSIP we design an exact polynomial time algorithm for a large
class of connectivity predicates, thus generalizing some of the results given in [1]. Next, for any given connectivity
predicate, we reduce (by preserving the approximation ratio) MTIP and MRIPGD to the MINIMUM TOTAL RANGE
3 In a unit disk graph, nodes are spread on a d-dimensional Euclidean space and c(u, v) is equal to the Euclidean distance from u and v if this is
not greater than 1, otherwise c(u, v) = +∞.
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Table 1
Table of known results for MTRAP
pi APPROXIMABILITY NON-APPROXIMABILITY
SIMPLE CONNECTIVITY 2+ 2 ln(n − 1) [2] SCH [2]
STRONG CONNECTIVITY 3+ 2 ln(n − 1) [2] SCH [2]
BROADCAST 2+ 2 ln(n − 1) [2] SCH [6]
ASSIGNMENT PROBLEM (MTRAP, for short), namely the problem which asks for a power assignment r satisfying
pi and such that the following objective function
cost(r) =
∑
v∈V
r(v),
related to the overall energy consumption, is minimized. In particular, with respect to our considered connectivity
predicates, Table 1 summarizes the known results for MTRAP, where SCH means that the problem is as hard as
SCP, i.e., it cannot be approximated within a factor (ρ − ) ln n, for some constant ρ > 0 and for every  > 0, unless
NP ⊆ DTIME(nO(log log n)).
5. Results for MINMAXSIP
In this section we design an exact algorithm OPT-MINMAXSIP for MINMAXSIP and we show that its running time
is polynomial for a wide class of connectivity predicates. Our algorithm generalizes the algorithms provided in [1] for
MINMAXSIP for simple connectivity, strong connectivity and spanner predicates. The basic idea of the algorithm is
very simple: starting from a null power assignment r , we increase r until it satisfies pi in such a way that: (i) the edge
set of the new Dr is a superset of the old one, and (ii) the new choice of r always minimizes ϕSIP(r).
First, ∀v ∈ V we define the set R(v) = {c(v, u) | u ∈ V \ {v}}. Next, ∀x ∈ R(v), let σ(v, x) be the number of
devices interfered by sender v if its transmission power is x , i.e., σ(v, x) := |{u ∈ V \ {v} | c(v, u) ≤ x}|. Observe
that
Proposition 5.1. For any ordered triple (v, u, u′) of distinct vertices, c(v, u) ≤ c(v, u′) iff σ(v, c(v, u)) ≤
σ(v, c(v, u′)).
Finally, let R be the multiset made up of the union of all R(v)’s. The pseudocode of algorithm Opt-MinMaxSIP is
reported below:
Algorithm 1. Opt-MinMaxSIP
Input: a set of devices V , a transmission cost function c : V × V → R≥0 ∪ {+∞}, and a connectivity predicate pi .
Output: a power assignment r satisfying pi .
1: sort R non-decreasing w.r.t. σ(v, c(v, u)),∀v ∈ V, u ∈ V \ {v}. Denote the ordered sequence by c(v1, u1), . . . , c(v|R|, u|R|).
2: r(v) := 0,∀v ∈ V
3: i := 1
4: while r does not satisfy pi do
5: β := σ(vi , c(vi , ui ))
6: while σ(vi , c(vi , ui )) = β and i ≤ |R| do
7: r(vi ) := c(vi , ui )
8: i := i + 1
9: end while
10: end while
11: return r
We can prove the following
Lemma 5.1. Algorithm Opt-MinMaxSIP returns an optimal solution.
Proof. Assume by contradiction that algorithm Opt-MinMaxSIP does not return an optimal solution. Hence, there
must be a feasible power assignment r ′ such that ϕSIP(r ′) < ϕSIP(r). From Proposition 5.1 and by observing that
∀v ∈ V, r(v) = max{c(v, u) | u ∈ V \ {v} ∧ σ(v, c(v, u)) ≤ ϕSIP(r)}, it must be the case that r ′(v) ≤ r(v) for every
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v ∈ V . Hence, from Proposition 5.1, we have obtained a contradiction on the stop criterion of the while loop of the
algorithm. 
Now we can prove the following
Theorem 5.1. Let pi be a connectivity predicate. If the decision problem of determining whether a (di)graph satisfies
pi is polynomial-time solvable, then MINMAXSIP for pi is solvable in polynomial time.
Proof. From Lemma 5.1 we can use algorithm Opt-MinMaxSIP for computing an optimal solution. Its running time
is polynomial since the condition in the first while loop can be tested in polynomial time, and |R| = O(n2). 
From Theorem 5.1, it follows that MINMAXSIP is polynomial-time solvable for many connectivity predicates like
simple connectivity, strong connectivity, broadcast, k-edge(vertex)-connectivity, spanners, and so on.
6. Results for MTIP
In this section we provide a polynomial time reduction from MTIP to MTRAP. An asymptotically similar
approximability result has already been proved in [19]. However, our proof is much more simpler than that in [19], and
moreover, from our analysis, it comes out also the multiplicative factor of the approximation ratio which is induced
by the reduction.
Theorem 6.1. Let pi be a connectivity predicate. Any polynomial time α-approximation algorithm for MTRAP for pi
can be used for designing a polynomial time α-approximation algorithm for MTIP for pi .
Proof. Consider an instance I = (V, c, pi) of MTIP. We design an approximation preserving reduction from MTIP
to MTRAP working as follows. We define an instance I ′ = (V, c′, pi) of MTRAP having the same set of vertices and
the same connectivity requirement, while the transmission cost function c′(u, v) “measures” the interference created
by sender u in the SI model once that a direct communication link from u to v has to be established, i.e., when the
transmission power of u must be at least c(u, v). Formally
c′(u, v) =
{
+∞ if c(u, v) = +∞;
σ(u, c(u, v)) otherwise.
Let r ′ be a minimal power assignment for I ′ satisfying pi , i.e., such that the reduction of the power assigned to any
of the nodes affects the fulfillment of pi . Using r ′, we define the following power assignment r for I
r(v) = max{c(v, u) | u ∈ V \ {v}, c′(v, u) ≤ r ′(v)}.
Proposition 5.1 implies that Dr ′ = Dr , hence r satisfies pi iff r ′ satisfies pi . Moreover,
cost(r ′) =
∑
u∈V
r ′(u) =
∑
u∈V
max
(u,v)∈Dr ′
c′(u, v)
=
∑
u∈V
max
(u,v)∈Dr ′
|{u′ ∈ V \ {u} | c(u, u′) ≤ c(u, v)}|
=
∑
u∈V
|{u′ ∈ V \ {u} | c(u, u′) ≤ r(u)}|
=
∑
u∈V
|Ir,out(u)| =
∑
u∈V
|Ir,in(u)| = ϕTIP(r). 
From the above theorem, we can immediately infer the approximability results for MTIP contained in Table 2 (see
also Table 1).
It is worth noticing that if the transmission cost function of the instance of MTRAP generated in the proof of
Theorem 6.1 is symmetric (i.e., c′(u, v) = c′(v, u),∀u, v ∈ V ), then for simple connectivity and strong connectivity
predicates we can compute a constant-ratio approximate solution for MTIP, as constant-ratio approximation
algorithms for symmetric instances of MTRAP are known (see [3,21]).
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Table 2
Table of results for MTIP
pi APPROXIMABILITY NON-APPROXIMABILITY
SIMPLE CONNECTIVITY 2+ 2 ln(n − 1) SCH (even if c is metric) [19]
STRONG CONNECTIVITY 3+ 2 ln(n − 1) ?
BROADCAST 2+ 2 ln(n − 1) ?
The question mark means that the corresponding entry of the table is an open problem.
7. Results for MRIPGD
In this section a reduction from MRIPGD to MTRAP is provided. The reduction is quite similar to that described
in the previous section for MTIP. Moreover, we also show the hardness for approximating MRIPGD, by means of a
reduction from SCP.
Theorem 7.1. Let pi be a connectivity predicate. Any polynomial time α-approximation algorithm for MTRAP for pi
can be used for designing a polynomial time α-approximation algorithm for MRIPGD for pi .
Proof. Let I = (V, ν, c, pi) be an instance of MRIPGD. We design an approximation preserving reduction from
MRIPGD to MTRAP working as follows. We define an instance I ′ = (V, c′, pi) of MTRAP having the same set
of vertices and the same connectivity requirement, while the transmission cost function c′(u, v) “measures” whether
vertex u interferes with vertex ν once that a direct communication link from u to v has to be established, i.e., when
the transmission power of u must be at least c(u, v). Formally
c′(u, v) =

+∞ if c(u, v) = +∞;
1 if u 6= ν and c(u, ν) ≤ c(u, v);
0 otherwise.
Observe that, since vertex u interferes with vertex ν whenever its transmission power is at least c(u, ν), then
Proposition 7.1. For any ordered triple (u, v, v′) of distinct vertices, c(u, v) ≤ c(u, v′) implies c′(u, v) ≤ c′(u, v′).
Let r ′ be a power assignment for I ′ satisfying pi . From r ′, we define a power assignment r = ψ(r ′) for I in the
following way
r(v) = max{c(v, u) | u ∈ V \ {v}, c′(v, u) ≤ r ′(v)}.
From Proposition 7.1, it is easy to derive that Dr ′ = Dψ(r ′), hence if r ′ satisfies pi then ψ(r ′) satisfies pi as well.
Moreover, it is easy to see that, from any power assignment r for I satisfying pi , it is possible to derive a power
assignment rˆ for I satisfying pi such that: (i) ϕGD(rˆ , ν) ≤ ϕGD(r, ν), and (ii) rˆ = ψ(r ′) for some r ′ satisfying pi in I ′.
Finally,
cost(r ′) =
∑
v∈V
r ′(v) =
∑
u∈V
max
(u,v)∈Dr ′
c′(u, v)
= |{v ∈ V \ {ν} | c(v, ν) ≤ r ′(v)}|
= |Ir,in(ν)| = ϕGD(r, ν). 
Remark: As for the case of MTIP, for simple connectivity and strong connectivity predicates, if the transmission
cost function of the instance of MTRAP generated in the proof of Theorem 7.1 is symmetric, then it is possible to
compute a constant-ratio approximate solution for MRIPGD.
Now, we prove the non-approximability results for MRIPGD.
Theorem 7.2. For every  > 0, MRIPGD for simple connectivity is not approximable within (1 − ) ln n, unless
NP ⊆ DTIME(nO(log log n)), even if c is a metric function.
Proof. Let I = (O,S) be an instance of SCP with |S| ≤ |O|, where O = {o1, o2, . . . , oh} is the set of objects,
while S = {S1, S2, . . . , S`} is the collection of subsets of objects. We transform I in polynomial time into an
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Fig. 1. The reduction from SCP to MRIPGD for simple connectivity (not all the edges are shown). Notice the edge {s j , vt } of length 7, given by
the shortest path s jusivt .
instance I ′ of MRIPGD for simple connectivity. The set of vertices is V = {ν, u, v1, . . . , vh, s1, . . . , s`}, where
v j is the representative of object o j , while s j is the representative of set S j . The interference collector is vertex ν. The
transmission cost function is defined as follows:
• c(u, s j ) = 2,∀S j ∈ S;
• c(s j , ν) = 3,∀S j ∈ S;
• c(s j , vk) = 3,∀S j ∈ S,∀ok ∈ S j ;
• c(vk, ν) = 5,∀ok ∈ O .
The transmission cost function for all the other pairs of devices is equal to the metric closure of the graph on V which
contains an edge {y, y′} of cost c(y, y′) iff such a cost is among those just defined. Hence, ifP(x, x ′) denotes the set
of all paths between vertices x and x ′ in such a graph, we have
c(x, x ′) = min
x=x1x2...xk=x ′∈P(x,x ′)
k−1∑
i=1
c(xi , xi+1).
In Fig. 1 it is shown how the reduction works. It is easy to check that c is a metric function.
Now let C ⊆ S be a cover of O , i.e., a feasible solution for instance I. From C we can derive in polynomial time a
power assignment r for I ′ satisfying the simple connectivity predicate by setting
• r(ν) = 3;
• r(u) = 2;
• r(v j ) = 3,∀o j ∈ O;
• r(s j ) = 3,∀S j ∈ C;
• r(s j ) = 2,∀S j /∈ C.
First we prove that Gr is connected. Clearly, there is an edge between u and every si . Moreover, there is an
edge between s j and ν for each S j ∈ C. Hence, in order to prove that Gr is connected, it suffices to show that the
representative of each object in O is connected to some s j . So, let vk be the representative of object ok . As C is a
cover of O , it contains a set, say S j , such that ok ∈ S j . As a consequence, there is an edge between s j and vk as
r(s j ), r(vk) ≥ c(s j , vk).
Concerning the interference experienced by vertex ν, notice that only si ’s with r(si ) ≥ 3 creates interference at ν.
By definition, r(si ) ≥ 3 (actually, r(si ) = 3) iff Si ∈ C. As a consequence, ϕGD(r, ν) = |C|.
In order to conclude the proof, it remains to show that from any power assignment r for I ′ satisfying the simple
connectivity predicate, it is possible to derive a cover of O whose size does not exceed ϕGD(r, ν). First, we define a
new feasible power assignment r ′ such that ϕGD(r ′, ν) ≤ ϕGD(r, ν), as described in the following. We start by assigning
r ′(x) = r(x) to every vertex x ∈ V . Next, ∀vk ∈ Ir,in(ν), we choose a set S j ∈ S containing object ok , and we set
r ′(s j ), r ′(vk) = 3. Observe that in the new power assignment r ′, vertex s j interferes with ν, while vk does not interfere
any more. Hence the interference experienced by ν never increases whenever r ′ is modified as aforementioned. Finally,
we set r ′(u) = 2.
First we prove that Gr ′ is connected. Clearly, there is an edge between u and every si in Gr ′ . Next, as Gr is
connected, it must be the case that r(ν) ≥ 3, and moreover it must be either r(s j ) ≥ 3 for some s j , or r(vk) ≥ 5
for some vk . By the definition of r ′, in both cases, r ′(ν) ≥ 3 and r ′(s j ) ≥ 3 for some s j , hence Gr ′ contains an edge
linking ν with s j . Thus, in order to prove that Gr ′ is connected, it suffices to show that the representative vk of each
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object ok ∈ O is connected to some s j such that ok ∈ S j . So, let vk be the representative of object ok . The proof
breaks in two cases:
(1) vk /∈ Ir,in(ν), i.e., r(vk) < 5. Notice that in this case it is r ′(vk) = r(vk). Then, since by assumption Gr is
connected, it must contain an edge between vk and some s j such that ok ∈ S j . As r ′(vk) = r(vk) and r ′(s j ) ≥ 3,
then the same edge is in Gr ′ as well.
(2) vk ∈ Ir,in(ν). In this case we have that r ′(vk) = 3, and r ′(s j ) = 3 for some s j such that ok ∈ S j . Hence Gr ′
contains the edge {vk, s j }.
Now we define a set C ⊆ S as follows:
C = {S j ∈ S | s j ∈ Ir ′,in(ν)}.
Clearly C covers O , hence it is a feasible solution for I. Moreover, it is easy to see that |C| ≤ ϕGD(r ′, ν) ≤ ϕGD(r, ν).
Then, the claim follows from the non-approximability of SCP [7]. 
Now we show that a similar result holds for both the strong connectivity and the broadcast predicate for the special
case in which the transmission cost function is symmetric. We leave open the problem of determining whether a
similar result holds for the strong connectivity predicate when the transmission cost function is metric. Clearly, for
the broadcast predicate, if the transmission cost function is metric, then the problem is solvable in polynomial time,
as an optimal solution is that of assigning the maximum transmission power to the source vertex, and 0 to all the other
ones. In the following we show both the reductions.
Theorem 7.3. For every  > 0, MRIPGD for strong connectivity is not approximable within (1 − ) ln n, unless
NP ⊆ DTIME(nO(log log n)), even if c is a symmetric function.
Proof. The result can be obtained through a reduction from SCP similar to that described in Theorem 7.2, but now
the transmission cost function is defined as follows:
• c(u, s j ) = 2,∀S j ∈ S;
• c(s j , ν) = 3,∀S j ∈ S;
• c(s j , vk) = 3,∀S j ∈ S,∀ok ∈ S j .
The transmission cost function for all the other pairs of vertices is set to +∞.
Let C ⊆ S be a cover of O , i.e., a feasible solution for the instance I of SCP. From C we can derive in polynomial
time a power assignment r for I ′ satisfying the strong connectivity predicate by setting
• r(ν) = 3;
• r(u) = 2;
• r(v j ) = 3,∀ j = 1, . . . , h;
• r(s j ) = 3,∀S j ∈ C;
• r(s j ) = 2,∀S j /∈ C.
First we prove that Dr is strongly connected. Clearly, there is an arc between u and each s j , and vice versa.
Moreover, there is an arc between the representative of each object and some s j , as well as an arc between ν and all
s j . Clearly, there is also an arc from all s j ’s such that S j ∈ C to ν. Finally, as C is a cover of O , the representative vk
of each object ok has an incoming edge from some vertex s j such that S j ∈ C. Hence Dr is strongly connected.
Concerning the interference experienced by vertex ν, notice that only si ’s with r(si ) ≥ 3 creates interference at ν.
By definition, r(si ) ≥ 3 (actually, r(si ) = 3) iff S j ∈ C. As a consequence, ϕGD(r, ν) = |C|.
In order to conclude the proof, consider now a feasible power assignment r such that Dr is strongly connected,
and let us see how it is possible to derive a cover of O whose size does not exceed ϕGD(r, ν). Clearly, only s j ’s with
r(s j ) ≥ 3 interfere on ν, hence the set C = {S j ∈ S | s j ∈ Ir,in(ν)} satisfies |C| ≤ ϕGD(r, ν). Moreover, as the
representative vk of object ok can only receive a message from vertices s j ’s such that ok ∈ S j , and as r satisfies
the strong connectivity predicate, then C is a cover of O . Then, the claim follows from the non-approximability of
SCP [7]. 
Theorem 7.4. For every  > 0, MRIPGD for broadcast is not approximable within (1 − ) ln n, unless NP ⊆
DTIME(nO(log log n)), even if c is a symmetric function.
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Table 3
Table of results for MRIPGD
pi APPROXIMABILITY NON-APPROXIMABILITY
SIMPLE CONNECTIVITY 2+ 2 ln(n − 1) SCH (even if c is metric)
STRONG CONNECTIVITY 3+ 2 ln(n − 1) SCH (even if c is symmetric)
BROADCAST 2+ 2 ln(n − 1) SCH (even if c is symmetric)
Proof. We transform in polynomial time an instance I of SCP into an instance I ′ of MRIPGD for broadcast exactly
as we have done in Theorem 7.3, by setting u as the source vertex. Let C be a solution for I. The power assignment r
is defined as follows:
r(x) =

2 if x = u;
3 if x = s j and S j ∈ C;
0 otherwise.
Along the same line of the proof of Theorem 7.3, we can prove that: (i) Dr is a spanning arborescence rooted at u,
and (ii) ϕGD(r, ν) = |C|.
On the other side, if r is a power assignment such that Dr contains a spanning arborescence rooted at u, then again
along the same line of the proof of Theorem 7.3, we can prove that C = {S j ∈ S | s j ∈ Ir,in(ν)} is a feasible solution
for SCP of size at most ϕGD(r, ν). Then, the claim follows from the non-approximability of SCP [7]. 
Table 3 summarizes the results we have obtained for MRIPGD.
8. Results for MINMAXRIP
As we have shown in the previous section, the problem of minimizing the interference experienced by a fixed
node in the network is as hard as approximating SCP. As a consequence, the problem of minimizing the maximum
interference experienced by any of the nodes should be hard to approximate as well. By generalizing the reductions
presented in the previous section, we can indeed prove that
Theorem 8.1. For every  > 0, MINMAXRIP for simple connectivity is not approximable within a factor
(1/2− ) ln n, unless NP ⊆ DTIME(nO(log log n)), even if c is a metric function.
Proof. Let I = (O,S) be an instance of SCP with ` = |S| ≤ |O| = h, and let t = h + 2. The idea behind
the reduction is that of taking t copies – sharing the interference collector – of the digraph defined in the proof of
Theorem 7.2. More formally, from I we build an instance I ′ of MINMAXRIP for simple connectivity as follows. The
set of vertices is V = {ν} ∪⋃ti=1 Vi , where Vi = {ui , v1i , . . . , vhi , s1i , . . . , s`i }. For each i = 1, 2, . . . , t , vertex s ji is
the representative of set S j , while vki is the representative of object ok . Observe that h, t = Θ(
√
n). The transmission
cost function is defined as follows:
• c(ui , s ji ) = 2,∀i = 1, . . . , t,∀S j ∈ S;
• c(s ji , ν) = 3,∀i = 1, . . . , t,∀S j ∈ S;
• c(s ji , vki ) = 3,∀i = 1, . . . , t,∀S j ∈ S,∀ok ∈ S j ;
• c(v ji , ν) = 5,∀i = 1, . . . , t,∀o j ∈ O .
Once again, the transmission cost function for all the other pairs of devices is equal to the corresponding metric
closure. In Fig. 2 it is shown how the reduction works. It is easy to check that c is metric. It is worth noticing that
|Ir,in(ν)| ≥ t for any feasible power assignment r . Indeed, for every i = 1, 2, . . . , t , Gr has to contain at least one
edge joining some vertex of Vi , say x , with some vertex in V \ Vi , thus implying that x creates interference on ν. As
a consequence, ϕRIP(r) ≥ t .
Now let C be a feasible solution for instance I of SCP. From C we can derive in polynomial time a power
assignment r for I ′ satisfying the simple connectivity predicate by setting
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Fig. 2. The reduction from SCP to MINMAXRIP for simple connectivity, assuming that oz 6∈ S j , oz ∈ S j ′ , ok ∈ S j (not all the edges are shown).
Notice edges {s ji , vzi } and {s ji ′ , vzi ′ } of length 7, given by shortest paths s
j
i ui s
j ′
i v
z
i and s
j
i ′ui ′ s
j ′
i ′ v
z
i ′ , respectively.
• r(ν) = 3;
• r(ui ) = 2,∀i = 1, . . . , t ;
• r(vki ) = 3,∀i = 1, . . . , t,∀ok ∈ O;
• r(s ji ) = 3,∀i = 1, . . . , t,∀S j ∈ C;
• r(s ji ) = 2,∀i = 1, . . . , t,∀S j /∈ C.
In Theorem 7.2 we have proved that ∀i = 1, 2, . . . , t , all the vertices in Vi and vertex ν are connected if the
transmission power is r . As a consequence, Gr is connected. Moreover, by simple calculations and along the same
line of the proof of Theorem 7.2, it is easy to see that ∀i = 1, 2, . . . , t , the interference experienced by the various
nodes is the following:
• |Ir,in(ui )| = `;
• |Ir,in(s ji )| = |S j | + 2 ≤ h + 2;
• |Ir,in(vki )| ≤ |C|, as vki is interfered only by the representative of all the sets S j such that S j ∈ C and ok ∈ S j .
Since |Ir,in(ν)| = t |C| ≥ h + 2, then ϕRIP(r) = |Ir,in(ν)| = t |C|.
In order to conclude the proof, it remains to show that it is possible to derive a feasible solution for instance I
of SCP with size not exceeding ϕRIP(r)/t from any feasible power assignment r . The idea is an extension of the
one used in Theorem 7.2. First, from r we define a new feasible power assignment r ′ such that ϕRIP(r ′) ≤ ϕRIP(r).
More precisely, we start by assigning r ′(v) = r(v) to every vertex v. Then, for each vki ∈ Ir,in(ν), we choose a set
S j ∈ S containing the object ok , and we set r ′(s j ), r ′(vki ) = 3. Observe that in the new power assignment r ′, vertex
s ji interferes with ν, while v
k
i does not interfere any more. Moreover, if ui ∈ Ir,in(ν), then we set r ′(ui ) = 2. Since in
Theorem 7.2 we have proved that ∀i = 1, 2, . . . , t , all the vertices in Vi and vertex ν are connected if the transmission
power is r ′, then Gr ′ is connected as well. Moreover, the number of nodes interfering with ν, that is |Ir ′,in(ν)|, is not
greater than |Ir,in(ν)|. Given that the interference experienced by any other vertex is not greater than h + 2 = t , and
since |Ir ′,in(ν)| ≥ t , then ϕRIP(r ′) = |Ir ′,in(ν)|.
Now, ∀i = 1, 2, . . . , t , let Ui ⊂ Vi be the set of vertices in {s1i , s2i , . . . , s`i } interfering with vertex ν in r ′, i.e.,
Ui = {s ji ∈ Vi | c(s ji , ν) ≤ r ′(s ji )}. Since for each vki we have that Gr ′ contains the edge {s ji , vki }, for some j
such that ok ∈ S j , then Ci = {S j ∈ S | s ji ∈ Ui } is a feasible solution for I, for every i = 1, 2, . . . , t . Hence, if
i∗ = argmini∈{1,...,t} |Ci |, then Ci∗ is a feasible solution for I with
|Ci∗ | ≤ 1t
t∑
i=1
|Ci | = 1t
t∑
i=1
|Ui | = |Ir ′,in(ν)|t =
ϕRIP(r ′)
t
≤ ϕRIP(r)
t
.
Then, the claim follows from the non-approximability of SCP (see [7]), and because h = Θ(√n). 
By an easy combination of the techniques used in the proof of Theorem 8.1 and of those used in the proofs of
Theorems 7.3 and 7.4, it is finally possible to give the following
Theorem 8.2. For every  > 0, MINMAXRIP for both the strong connectivity and the broadcast predicate is not
approximable within a factor (1/2− ) ln n, unless NP ⊆ DTIME(nO(log log n)), even if c is symmetric.
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Proof. Let I = (O,S) be an instance of SCP with ` = |S| ≤ |O| = h, and let t = h + 2. The idea behind the
reduction for the strong connectivity (resp., broadcast) predicate is that of taking t copies – sharing the interference
collector – of the digraph defined in the proof of Theorem 7.3 (resp., Theorem 7.4). Then the proof proceeds along
the same line of Theorem 8.1, along with the proof of Theorem 7.3 (resp., Theorem 7.4). 
9. Conclusions
Determining approximation algorithms for MINMAXRIP for the simple connectivity predicate represents the most
interesting question left open in this paper. To this aim, we observe that a reduction from MTRAP similar to that
presented for MRIPGD does not provide a good approximation, in general. Moreover, as observed in [19,22], any
algorithm that establishes a link of a node with at least its nearest neighbor produces a catastrophic result, even in the
Euclidean model: in the worst case the interference can be Ω(n) times larger than the interference of the optimum
connected topology. Another interesting question left open is that of determining whether MINMAXRIP for simple
connectivity is NP-hard even in the Euclidean model. Finally, another issue worth investigating is the determination
of non-approximability results for MTIP for both the broadcast and the strong connectivity predicate.
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